Activated carbon was impregnated with a copper salt and the surface of the resulting material then reduced either with hydrazine hydrate or by heat treatment under nitrogen at 925 °C. The adsorption of NO was carried out under dynamic conditions at ambient temperature on the samples obtained. To derive the mechanism of adsorption, the initial material and that exposed to NO were characterized using nitrogen adsorption, thermal analysis and potentiometric titration. The introduction of copper and reduction treatment had very positive effects on the amounts of NO retained on the surface. It is suggested that both copper particles and oxygen-containing groups on the carbon surface contribute to the reactive adsorption. Two different mechanisms are proposed to describe NO adsorption depending on the oxidation state of the copper particles. In the absence of reducing treatment, it is believed that NO is oxidized to NO 2 by copper oxide particles. This NO 2 either reacts with the carbon surface to oxidize it and generate oxygen-containing functional groups or reacts with reduced copper particles. Equally, after surface reduction, the metallic copper could activate oxygen which would then participate in the oxidation of NO into NO 2 . This NO 2 would either chemisorb onto copper in the form of the nitrate or react with the surface oxygen functional groups.
INTRODUCTION
The release of NO x into the atmosphere is an important environmental concern because of the contribution of these species to the formation of photochemical smog and acid rain, which is directly related to respiratory problems. Moreover, because of their high toxicity, nitrogen oxides are classified as Toxic Industrial Compounds (TICs). In addition, there is a risk that they can be released to the environment as a result of terrorist activity. For all these various reasons, special precautions have to be taken in order to efficiently separate NO x from air under ambient conditions.
Even though the removal of nitrogen oxides has been extensively studied over the past decades, the main targeted applications are those capable of operating at high temperatures close to those of automobile exhaust gases, such as the DeNOx process (Lyon 1986) . As a consequence, the most promising processes such as selective catalytic reduction (SCR) (Chen et al. 1990; Nakajima and Hamada 1996; Severino et al. 1998) or NO x storage reduction (NSR) (Fridell et al. 1999; Matsumoto 2004 ) require either high temperatures or reduction agents such as ammonia and hydrocarbons. As an alternative to the SCR and NSR processes, adsorption in a fixed bed appears a promising option. Other separation processes have also been based on adsorption, with activated carbons (ACs) (Rubel and Stencel 1996; Illann-Gomez et al. 1996; Klose and Rincón 2007) , activated carbon fibres (ACFs) (Shirahama et al. 2002) and soot (Muckenhuber and Grothe 2006; Azambre et al. 2006) having been investigated as adsorbents. More recently, porous carbon nanofibres (PCNs) (Kim et al. 2007; Wang et al. 2011) have drawn considerable interest due to their high specific surface area and the specific shapes of their pores which allow easier diffusion.
Reduction of NO 2 to NO usually occurs when carbonaceous materials are used as adsorbents. This is accompanied by oxidation of the adsorbent surface and the formation of oxygen and NO/NO 2 complexes (Shirahama et al. 2002; Jeguirim et al. 2004 ). However, it is very difficult to adsorb the NO formed as a result of surface reactions on the carbon surface. A high conversion ratio of NO 2 to NO can compromise the usefulness of the adsorbent even if a high capacity for NO 2 removal is exhibited. Hence, various methods for increasing the retention of NO at moderate or room temperatures have been explored.
The introduction of nitrogen groups onto the surface of activated carbon, especially urea (Bashkova et al. 2011) , amine (Abe et al. 2000) and dimethylamine (Deliyanni and Bandosz 2011), is an example of a treatment which results in an increase in the reactive adsorption of NO x under ambient conditions. It has been demonstrated that nitrogen groups interact with different oxygen-containing groups (such as hydroxyl, carbonyl, ether, quinone, etc.) on the surface of activated carbon to create positively-charged nitrogen centres which are apparently beneficial for NO x adsorption (Bashkova et al. 2011; Deliyanni and Bandosz 2011) . Treatment with KOH has also been investigated since it is known that the introduction of hydroxyl groups onto the surface of activated carbon tends to enhance the retention of NO x (Lee et al. 2001 (Lee et al. , 2002 . The results obtained indicated that NO was oxidized on the surface by atomic oxygen and then adsorbed as the KNO 3 species (Lee et al. 2002) .
Impregnation of different kinds of carbonaceous materials (AC, ACF, etc.) with several transition metals led to an increase in NO x abatement at moderate temperatures (Illán-Gómez et al. 1995a-c) . Iron, cobalt and nickel were found to be amongst the most attractive metals due to their ability to adsorb NO in a dissociative manner at low temperature (Carabineiro et al. 1999; Lee et al. 2002) . Kaneko and co-workers have shown that the dispersion of γ-/α-FeOOH on ACF increases the adsorption of NO (Kaneko 1987; Kaneko et al. 1987) . They hypothesized that NO molecules were first adsorbed onto the external surface of the ACF and then migrate into the micropores where they were retained as NO dimers (Kaneko 1987) . The layered structure displayed by graphite oxides (GO) was also studied after the introduction of γ-FeOOH and α-Fe 2 O 3 . Bashkova and Bandosz (2009a,b) pointed out that such iron species could interact with NO to form strongly adsorbed bridging nitrates. More recently, a study of silver nanoparticles supported on activated carbon, as obtained by Tollen's method, for NO x adsorption at room temperature, demonstrated the importance of the dispersion of the particles (Bashkova et al. 2011 ). An increase in the retention time of NO for materials containing up to 10 wt% metallic silver was demonstrated. However, at higher loadings of silver, no increase in NO retention was found. Silver nitrate and nitrite were indicated as the major reaction products formed on the surface during NO x adsorption at room temperature (Zemlyanov et al. 1998; Bao et al. 1999; Bashkova et al. 2011) . Taking account of the catalytic activity of copper towards the reduction of NO to N 2 (Yamashita et al. 1991; Illán-Gómez et al. 1995a-c; Tighe et al. 2009 ) suggests that copper-based materials would appear to be promising candidates for NO x adsorption. A study by Tighe and co-workers indicated that copper on the surface of charcoal increases the rate at which NO is reduced to N 2 at temperatures above 550 °C (Tighe et al. 2009 ). Recently, we have shown that the treatment of carbon with copper followed by surface reduction decreases the conversion of NO 2 to NO and increases the retention of NO formed in the reduction reaction (Levasseur et al. 2011) .
Following this line of research, the objective of the present study was an evaluation of the adsorptive performance of activated carbon modified with copper in the process of NO adsorption under ambient conditions. The results obtained have been analyzed by taking the species present on the surface and their distribution into account. A mechanism for the adsorption process is proposed on this basis. We believe that such studies could provide an important step in tailoring the surface properties of carbonaceous materials towards NO adsorption under ambient conditions.
EXPERIMENTAL

Materials
Nine different samples were prepared from the wood-based activated carbon BAX-1500 manufactured by Mead Westvaco. The initial carbon is referred to below as B. The treatment conditions have been described in detail elsewhere (Levasseur et al. 2011) . Copper in 5 wt% and 15 wt% amounts was introduced into the activated carbon via an incipient impregnation method. The resulting samples were then heated up to 250 °C in nitrogen for 2 h to yield samples 5Cu/B and 15Cu/B, where the numerals denoted the Cu content of the samples. Portions of these samples were heated in nitrogen for 2 h at 925 °C. The resulting materials are referred to below as 5Cu/BT and 15Cu/BT. The samples obtained after reduction with hydrazine hydrate are referred to as 5Cu/BH and 15Cu/BH below.
Methods
NO breakthrough capacity measurements
The NO sorption capacities were measured at room temperature and under dynamic conditions in a laboratory-scale, fixed-bed reactor system. In a typical test, 250 ppm NO was passed through the adsorbent contained in a fixed bed at a total inlet flow rate of 450 mᐉ/min. The adsorbent was packed into a glass column (length, 370 mm; i.d., 9 mm) to a bed volume of ca. 2 cm 3 . The concentrations of NO in the outlet gas were measured using an electrochemical sensor (RAE Systems, MultiRAE Plus PGM-50/5P). The adsorption capacity of each adsorbent was calculated in mg/g units as well as in mg/m 2 units (taking into account the specific surface area of each sample) by integration of the area above the breakthrough curve. All tests were continued until the NO concentration attained the upper limiting value (200 ppm) of the electrochemical sensor. After the breakthrough tests, all samples were exposed to a flow of air only (180 mᐉ/min) to evaluate the strength of NO retention. The suffix "ED" is added to the sample notation to denote exposure to NO.
Surface pH measurements
A known amount of the powdered samples (0.4 g) was added to 20 mᐉ of distilled water and stirred overnight. The pH value of the resulting suspension was then measured.
Thermal analysis measurements
Thermogravimetric (TG) curves and their derivatives (DTG) were obtained using a TA Instruments thermal analyzer. The samples (initial and exhausted) were previously dried in an oven at 100 °C to remove moisture and then heated up to 1000 o C at a heating rate of 10°C/min under a nitrogen flow of 100 mᐉ/min.
Nitrogen adsorption measurements
Nitrogen isotherms were measured at -196 o C using a Micromeritics ASAP 2010 instrument. Prior to each measurement, the initial and exhausted samples were outgassed at 120 o C. The surface area, S BET , the total pore volume, V t , the micropore volume, V mic [Dubinin-Radushkevitch method (Prestipino et al. 2006) ], and the mesopore volume, V mes , were obtained from the isotherms. The pore-size distributions were calculated using density functional theory (Lastoskie et al. 1993 ).
Potentiometric titrations
Potentiometric titration measurements were performed using a Metrohm DMS Titrino 716 automatic titrator, the instrument being set at the equilibrium pH mode. Sub-samples of the materials studied of ca. 0.100 g in 50 mᐉ of 0.01 M NaNO 3 were placed in a container thermostatted at 25 o C and equilibrated overnight with the electrolyte solution. To eliminate the influence of atmospheric CO 2 , the suspension was continuously saturated with nitrogen gas. The carbon suspension was stirred throughout the measurements using volumetric standard NaOH (0.1 M) as the titrant. The experiments were undertaken over the pH range 3-10. Each sample was titrated with base after acidifying the sample suspension. The experimental data were transformed into a proton-binding isotherm, Q, representing the total amount of protonated sites (Jagiello 1994).
RESULTS AND DISCUSSION
The NO breakthrough curves are presented in Figure 1 overleaf. The results clearly show that thermal reduction of the surface significantly increased the breakthrough time and that the addition of copper had a positive effect on the performances of all the samples, regardless of the type of reductive treatment employed. The change observed in the slope indicates a change in the retention mechanism. This was more marked for the heated materials, Cu/BT, since after a fast initial adsorption of NO, the increase of NO concentration in the outlet gas slowed down. It is interesting to note that this phenomenon was observed regardless of the amount of copper present in the materials. Apparently, some kind of surface activation or an increase in the number of adsorption centres occurred on increasing the exposure time to NO. The desorption curves were steep, thereby indicating the existence of strong adsorption forces.
The calculated adsorption capacities are collected in Table 1 together with the surface pH values. The latter suggest that thermal treatment was the most effective method for reducing the number of surface acidic groups on the materials studied. The decrease in the pH after NO adsorption suggests that oxidation of the carbon surface occurred. Addition of 15 wt% copper to the as-received carbon increased the NO adsorption capacity by more than 300%. Whilst thermal reduction increased the capacity of the as-received carbon by ca. 10-times, a visible decrease in performance was noted for the BAX-1500 sample reduced with hydrazine. A positive effect induced by the presence of copper in the reduced samples was visible for the hydrazine-treated samples, where the capacity increased with an increase in the copper content. These NO 2 adsorption capacities were higher than those for the unreduced samples. Even though the capacities of the copper-containing heat-treated samples were high, the effect of the amount of copper was not clearly visible. To explain these results and to indicate which features/combination of features enhance NO adsorption at ambient conditions, the above-discussed performance needs to be linked to the surface properties before and after NO adsorption. Even though the surface properties of the initial carbons have been described previously (Levasseur et al. 2011) , in order to clarify the comparison presented, we re-introduce here the most important of these parameters.
The porous structure parameters before and after adsorption are collected in Table 2 . Modifications induced either through the introduction of copper or by thermal treatment visibly decreased the surface areas and porosities. The most dramatic effect was noted for the thermallytreated samples which exhibited the highest adsorption capacities. The specific surface areas and pore volumes decreased by 16% and 42% for 5Cu/BT and 15Cu/BT, respectively. Taking these Table 2 . It should be noted that these new values were calculated using the specific surface area of each material measured after copper impregnation and/or reductive treatment. The results show that the NO adsorption capacity increased from 0.015 mg/m 2 on BT to 0.031 mg/m 2 on 15Cu/BT, which is a direct indication of the positive effect of copper addition. Even though the high volume of very small pores in the case of the thermally treated samples can increase the amount of NO adsorbed physically, the results indicate that the removal process was not totally governed by physical adsorption. The existence of a surface reaction mechanism is also supported by a decrease in the pH value (Table 1) and steep desorption curves. The poresize distributions illustrated in Figure 2 show an increase in the volume of very small pores after NO adsorption for the B carbon and for all samples containing 5 wt% copper. Interestingly, no Figure 2 . Pore-size distributions before and after exposure to NO of activated carbon materials modified by copper.
change apparently occurred for all the other samples despite the high adsorption capacity. This might have arisen as a result of the decomposition of surface reaction products during out-gassing, which was conducted under high vacuum and at 120 o C. The changes observed for the B carbon and for all samples with 5 wt% copper suggest a reactive adsorption mechanism involving the surfaces of the various carbons. The increase in the volume of micropores indicates that activation/oxidation of the surface occurred. The potentiometric titration experiments could only be carried out on copper-free samples because of the possible reaction between the acid titrant and the copper species. The protonbinding curves and the distribution of acidity constants are presented in Figure 3 respectively. The B and BH samples were more acidic than the BT sample, with pH PZC values of around 6 for both B and BH and around 9.5 for BT. This higher acidity of B and BH was caused by the presence of weak acidic groups with pK a values greater than 7. These acidic species were reduced during the thermal treatment of the B sample (Figure 4) . A significant decrease in pH PZC was found after the exposure of BT ED to NO, thereby confirming the potential oxidation of the surface sites (previously reduced during thermal treatment) during NO exposure. The same trend was observed for the B carbon, but only a small increase in acidity was observed in this case because of the small amount of NO adsorbed. The opposite effect was observed with the sample reduced with hydrazine. After exposure to NO, the acidic groups on its surface were less weak than hitherto. Interestingly, the pH PZC changed only slightly. Even though the NO adsorbed on this sample was very small (1.1 mg/g) -which can limit the detection sensitivity -a close look at the pK a distribution of the material before and after exposure to NO (Figure 4) shows that the surface groups with a pK a value between 6 and 8 were consumed during the adsorption process. On the other hand, the amount of these groups remained stable on the B sample and increased on the BT sample. This might be linked to the presence of nitrogen groups in the matrix of these carbons (Levasseur et al. 2011) , as discussed below.
The thermal analysis results are presented in Figure 5 overleaf. The peaks represent the weight loss linked to either the decomposition of the surface groups or to the surface reaction products in the case of exhausted samples. Comparison of the DTG curves for BH and BT shows that, in the case of the former samples, reductive hydrazine treatment was incapable of reducing carboxylic groups which decompose at temperatures less than 500 o C (Muckenhuber and Grothe 2006). After thermal reduction of the B carbon, (Figure 5 ), the amount of acidic groups present was significantly decreased (Muckenhuber and Grothe 2006). The first peak seen on all curves below 100 °C represents the desorption of water or weakly adsorbed/unstable surface reaction products. After exposure of the copper-free samples to NO, oxidation effects were only seen in the case of the BT ED sample on which the amount adsorbed was significant. No attempt has been made to interpret the peaks above 600 o C, since the majority of samples were not exposed to temperatures higher than 600 o C (carbonization/activation temperature of the BAX-1500 carbon).
For the 5Cu/B and 15Cu/B samples, the two peaks on the DTG curves at ca. 250 °C and at 400°C represent the reduction of Cu (II) to Cu (I) and the reduction of Cu (I) into Cu (0) , respectively (Zhu et al. 2000) . A small third signal corresponding to the decomposition of copper carbonate formed by heating at ca. 500 °C is seen on the DTG curves for 5Cu/BT and 15Cu/BT (Ding et al. 2002) .
The copper-containing samples exposed to NO which were not subjected to reductive treatment showed a decrease in the intensity of the peaks at ca. 400 o C (especially for 5Cu/B) and ca. 250°C
. A new peak, especially visible for the exhausted 15Cu/B ED sample, occurred at ca. 200 o C. These results suggest that copper nitrate, which decomposes at this temperature, is the main product of the surface reactions. Moreover, the decrease in the intensity of the peaks ascribed to the reduction of copper (at 250 °C and 400 °C) suggests that Cu (II) was somehow reduced during the exposure to NO. When 5Cu/BT was exposed to NO, the intensity of the copper carbonate peak at 500 o C increased slightly and a continuous weight loss was observed between 150 o C and 500 o C, where either oxygen-containing functional groups and/or nitrates decomposed (L'vov and Novichikhin 1995; Zhu et al. 2000; Muckenhuber and Grothe 2006) . For the heat-treated sample with a high copper content, three new peaks were revealed with maxima at ca. 180 o C, 260 o C and 490 o C, respectively, after the adsorption of NO. They most likely correspond to the decomposition of nitrates, the reduction of copper(II) to copper(I) and the decomposition of copper carbonate, respectively. In addition, the decomposition of functional groups as well as the reduction of Cu (I) into Cu (0) may correspond to the weight losses at 180 °C and 490 °C, respectively.
In the case of the copper-containing samples treated with hydrazine, a continuous weight loss between 150°C and 500 °C was observed. Regardless of the copper content, the weight loss pattern was similar with peaks at similar positions to those found for the heat-treated samples being visible. They represent the decomposition of nitrites, nitrates and the reduction of copper(II) to copper(I). Interestingly, the peak associated with the reduction of copper(II) was much smaller than that for 15Cu/BT ED, which may be related to the differences in the copper content and in the degree of reduction. Moreover, characterization of these samples by XPS methods showed that 15Cu/BH possessed less copper than 15Cu/BT (1.1 atom% as opposite to 1.3 atom%, respectively) (Levasseur et al. 2011) . The XPS results presented elsewhere (Levasseur et al. 2011 ) indicated significant differences in the surface chemistry of the samples depending on the reduction treatment. Thus, in 15Cu/B, copper was present as Cu (II) . After heat treatment, 79% of the copper was in the metallic form and 21% remained as Cu(II). After treatment with hydrazine, 60% of the copper was metallic. These findings have been supported by XRD and SEM/EDAX analyses (Levasseur et al. 2011) .
It is likely that the adsorption of NO takes place via several mechanisms which follow successively or occur at the same time. A well-accepted mechanism for the adsorption of NO onto activated carbon was proposed by Kaneko and co-workers (Kaneko et al. 1989) . They suggested that NO dimerization is enhanced in small micropores and hyponitric ions, -ON=NO -, are adsorbed (Kaneko et al. 1989) . Moreover, oxygen-containing groups have been suggested as preferable adsorption sites for NO (Jeguirim et al. 2004 ). Both hyponitric ions and NO can further oxidize the carbon surface. These routes for NO adsorption are consistent with the increase in surface acidity and the decrease in porosity observed for the materials reported here.
However, in the presence of copper, NO adsorption is likely to follow another mechanism. As shown by the DTG curves for samples not exposed to surface reduction, copper oxidizes NO according to the following mechanism:
(1)
(2)
The NO 2 formed in reaction (1) can oxidize the surface and the carbon monoxide formed in such a reaction could also contribute to the reduction of copper. It should be noted that throughout the NO adsorption process no traces of NO 2 were detected; consequently, the NO 2 hypothetically formed was subsequently adsorbed in the micropores or on the copper (just reduced) as copper nitrates. In addition, this mechanism proposed for 5Cu/B and 15 Cu/B is in agreement with the decomposition of copper nitrates and oxygen-functional groups observed on the DTG curves ( Figure 5 ). Overall acidification of the surface, despite the reduction of the copper, provides further evidence of the involvement of the oxygen-containing groups on the surface as well as the reduction/oxidation cycle of the copper. The decrease in porosity noted for 5Cu/B ED and 15 Cu/B ED also supports this mechanism.
Since copper was already in the metallic state on the samples reduced by heat treatment, the mechanism involved in NO retention on these samples is likely to differ from the above. Thus, taking the dimerization properties of NO into account, oxidation of metallic copper by the hyponitric ion is proposed:
(3)
Then, any oxidation of NO by active oxygen formed in the presence of small copper particles (Costas and Llobet 1999) or, as propose above, by copper oxides which are still present in the reduced samples or formed following reaction (3) may occur to form NO 2 . This results in the formation of Cu (0) [equation (2)]. As a consequence, NO 2 may react either with metallic copper to form copper nitrate [equation (4)] or with the surface of carbon or the oxygen-containing groups [equation (5) 
where * stands for the active reduced sites and (O) for the active oxidized sites. These mechanisms are supported by the thermal analysis results, where the decomposition of nitrate as well as the reduction of copper was indicated on the DTG curves for 5Cu/BT and 15Cu/BT ( Figure 5 ). In addition, the formation of CO 2 is confirmed by the peaks assigned to the decomposition of copper carbonate. Thus, the NO adsorption capacities of the Cu/BT samples were enhanced as a result of the addition of copper centres and the reduction of surface functional groups.
A slightly different NO retention mechanism is proposed for the sample reduced with hydrazine. As indicted in the literature, nitrogen can be incorporated via reaction of the epoxide (ethers) with hydrazine leading to the formation of an aminoaziridine moiety (Stankovich et al. 2007; Levasseur et al. 2011) . Even though the strong interactions between amino groups and NO x are well-known (Abe et al. 2000; Deliyanni and Bandosz 2011) , any potential reaction between NO and an aminoaziridine moiety would not be expected because a decrease in the NO adsorption capacity was found on BH relative to that for the B carbon. Since hydrazine treatment mainly affected copper and left the surface functional groups in the oxidized state (Levasseur et al. 2011), the mechanism involved in NO adsorption is apparently close to that suggested for the Cu/BT materials with the exception of the reaction depicted in equation (5). This is supported by the fact that no peak for copper carbonate was found on the DTG curves and is in agreement with the relatively small adsorption capacities found for the Cu/BH materials. On the one hand, these capacities were higher than those for the Cu/B series of samples since the copper was in the metallic state and, on the other hand, lower than the capacities measured on the Cu/BT materials since the surface functional groups were not reduced.
CONCLUSIONS
The results presented in this paper show that modification of a carbon surface with copper leads to an improvement in the NO adsorption capacity under ambient conditions. In particular, metallic copper has been shown to enhance the performance of the adsorbents studied. A mechanism dependent on the surface chemistry has been proposed to describe the adsorption of NO onto copper-impregnated activated carbon. In the absence of copper, adsorption of the hyponitric ion -ON=NOin the micropores as well as oxidation of the carbon surface and/or the surface functional groups are the main adsorption mechanisms. Since the carbon surface was reduced after heat treatment, the amount of sites interacting with NO increased as did the adsorption capacity. When copper was added and the surface not exposed to reductive treatment, the interactions between NO and copper oxides led to the reduction of the latter (probably to metallic copper) as well as the oxidation of NO to NO 2 . This NO 2 then caused the oxidation of the carbon surface and the surface functional groups, as well as the (previously reduced) copper. Since copper was already in the metallic state after thermal or hydrazine treatments, oxidation of NO to NO 2 occurred as a result of the activation of oxygen by copper. Subsequently, the NO 2 either oxidized metallic copper to form copper nitrate or oxidized the carbon surface. Since hydrazine treatment did not reduce the functional groups, oxidation of the carbon surface by NO 2 was limited in the case of the hydrazine-reduced samples. This explains why higher NO adsorption capacities were found for the samples reduced at high temperature relative to those for the hydrazine-reduced materials.
